The first of the regularly reproducible experiments to show that very low doses of ionizing radiation, like very low doses of chemical agents, could induce mechanisms whereby cells become better fit to cope with subsequent exposures to high doses were carried out on the induction of chromosome aberrations in cultures of human lymphocytes. If cells that had been exposed to a very low dose (1 cGy) of X rays were subsequently exposed to a relatively high dose (1 Gy), approximately half as many chromosome breaks were induced. Subsequent experiments showed that this adaptive response to low doses requires a certain minimal dose before it becomes active; occurs only within a relatively small window of dose; is dose-rate dependent; and depends on the genetic constitution of the people or animals exposed, with some being unresponsive. It was further shown that the response to the low-dose preexposure was not instantaneous but took approximately 4 to 6 hr to become fully active, and could be prevented if during this period protein synthesis was inhibited, i.e., a necessary protein (enzyme) was being induced. In fact, subsequent experiments with two-dimensional gel electrophoresis showed new proteins in cells irradiated with 1 to 2 cGy. The adaptation induced by low doses of radiation was therefore attributed to the induction of a novel efficient chromosome break repair mechanism that if active at the time of challenge with high doses would lead to less residual damage. This hypothesis was strengthened by a series of experiments in which it was found that inhibitors of poly(ADP-ribose)polymerase, an enzyme implicated in DNA strand break rejoining, could prevent the adaptive response. Although the phenomenon is well established in cellular systems, it is still problematical as to whether or not it will have any utility in establishing risks of ionizing radiation to humans. Newer experiments have now been carried out on the mechanisms underlying the effect and whether or not the effect can manifest itself as a decrease in the number of induced cancers and radiation-induced mortality. Experiments with restriction enzymes now indicate that doublestrand breaks in DNA can be triggering events in adaptation. In addition, preliminary experiments on the survival of whole-body irradiated mice have shown that multiple exposures to low adapting doses can have profound effects on survival, and other experiments have shown that adaptation can affect the induction of thymic lymphoma in irradiated mice. It therefore appears that the initial experiments behind the adaptive response have led to a vigorous worldwide effort to understand the basic mechanisms behind it. This effort is stimulated both by a desire to understand the basic cell biology behind the response and a desire to see if indeed this phenomenon affects the estimation of risks of low-level radiation exposure.
Introduction
Because of the uncertainties surrounding statistically valid experimental data has been the shapes of dose-response curves at low to extrapolate the results obtained at high levels of ionizing radiation, the usual model doses to those expected in the low-dose for establishing risks of radiation at very region. This procedure has been controlow doses where it is not possible to obtain versial as to whether the extrapolation a) should (6) .
In experiments with chemical agents it was also found that cross-adaptation occurred. That is, exposure of cells to low doses of radiomimetic chemicals, alkylating agents, cross-linking agents, or ionizing radiations all could lead to a decrease in the cell's sensitivity to the same agent or any of the others (7) .
The adaptation induced by low doses of radiation was attributed to the induction of a novel, efficient chromosome-break repair mechanism that, if present at the time of the challenge with high doses of radiation, would result in less damage after the exposure (2, 5) . This hypothesis was strengthened by experiments in which it was found that an inhibitor (3-aminobenzamide) of poly(ADP-ribose) polymerase, an enzyme implicated in DNA strand break rejoining, prevented the adaptive response (5, 6) . It did this even when it was administered after the challenge dose but within the time before induced chromosome breaks rejoined, which indicated that the decrease was caused not by a change in the initial sensitivity of the cells but by a postexposure phenomenon such as repair (5) .
It was soon found that the response to a preexposure to low doses of radiation was not instantaneous but took some 4 to 6 hr to become fully active (8) , and that this response could be prevented during this period if protein synthesis was inhibited (9) . That is, a necessary protein (enzyme) was being induced, and subsequent experiments with two-dimensional gel electrophoresis indeed, did show new proteins in cells irradiated with 1 to 2 cGy (10) and one-dimensional gel electrophoresis indicated that a protein that binds specifically to radiation-damaged DNA is produced (11 All the chemicals and radiations that induce the adaptive response are not specific in that they produce a spectrum of lesions in DNA such as base damage, single-strand breaks, and double-strand breaks that in principle could be responsible for the phenomenon. Because ionizing radiations are efficient inducers of DNA double-strand breaks and the adaptive response is mediated by poly(ADP-ribose) polymerase, an enzyme stimulated in response to such breaks, it is thought that doublestrand breaks alone might be the lesions responsible. To see if they alone can induce adaptation, we carried out experiments with restriction enzymes, which unlike ionizing radiations and radiomimetic chemicals, only induce one specific type of lesion, DNA double-strand breaks, by binding to specific DNA sequences, or recognition sites, and cleaving the DNA at these sites.
The experiments were carried out with human lymphocytes in which restriction enzymes were introduced into the cells by electroporation to produce different numbers of DNA double-strand breaks of various types. Cells into which only the storage buffer for the enzymes was electroporated served as the controls. Alu I, which induces a large number of blunt-end DNA doublestrand breaks at the recognition site AG/CT; Dra I, which induces fewer double-strand breaks at the recognition site TTT/AAA; and Not I, which induces only very few staggered-end double-strand breaks at the recognition site GC/GGCGC, were used.
All three of the restriction enzymes induced adaptation in that they reduced the number of chromosome breaks produced by a subsequent exposure to 150 cGy of X rays. When the cells were pretreated with Alu I, the yield of chromatid aberrations found after 150 cGy of X rays was 60%, whereas the sum of the aberrations induced by Alu I alone and 150 cGy ofX rays alone was 102% (Table 1) .
In these experiments the controls always consisted of cells electroporated with the restriction enzymes' storage buffers, which contain bovine serum albumir to introduce a more specific which heat-inactivated Alu I duced into the cells showed th treated enzyme, too, led to (Table 1 ). That the heat-i enzyme was inactive in cleavin confirmed by assaying for enzyme activity by incubating the plasmid pHAZE with act inactivated Alu I in vitro and r DNA fragments on an agarose gel. DNA digested with active Alu I showed multiple bands, whereas DNA exposed to the heatinactivated enzyme did not, i.e., was uncut ( Figure 2 ).
That the heat-inactivated enzyme, which induced adaptation, might have renatured inside the cell and thus regained its ability to cleave DNA was shown in experiments on the induction of mutations in the shuttle vector pHAZE, which can replicate in both mammalian and bacterial cells. It was exposed to heat-inactivated enzyme while it was maintained as an epi-*-Loss some in human lymphoblastoid cells (Raji) N1 Loss cells. The plasmid recovered from the host contained enzyme-induced mutations selected in Escherichia coli (Table 2) . Therefore, heat-inactivated Alu I, which had no enzymatic activity in vitro (Figure 2) (12, 16) . It has been proposed that the adapting dose, even though very low, induces an effect on cell cycling, perhaps by signal transduction mechanisms, and that this is reflected in changes in sensitivity to the killing effects of radiation. For such mechanisms to account for the adaptive response that causes a reduction in the number of chromatid aberrations observed at metaphase only 6 hr after a challenge dose of 150 cGy, however, a 2-cGy adapting dose would have to induce a G2 (not G,) delay that purportedly would allow more time for repair to occur before the cells challenged with 150 cGy reached metaphase where they could be scored. This hypothesis was tested in experiments in which human lymphocytes from a male (XY chromosome constitution) and a female (XX chromosome constitution) were mixed in various combinations after being exposed to either no radiation, an adapting dose, a challenge dose, or both an adapting and a challenge dose. The mixtures were made at the time of the challenge dose and the cells were cocultured for 6 hr until fixation, at which time the proportions of cells at metaphase from the male and the female could be observed cytologically. The lymphocytes from both sexes showed typical adaptive responses when preexposed to 2 cGy of X rays before being challenged with 150 cGy ( 
Worldwide Experments with Other End Points
Stimulated by the early work, other groups soon found that this adaptation phenomenon 4 Gy in cells pretreated with 2 cGy of 7-rays (Table 8 ). Molecular analysis of the nature of the mutations showed that 78% of the mutants induced by 4 Gy alone had detectable changes in the gene, i.e., had deleted bands or new bands after electrophoresis. In cells preexposed to 2 cGy of 7-rays, however, the proportion of mutants induced by 4 Gy that were characterized by loss or rearrangement of the gene was reduced to 42% ( Table 9 ). As expected, the proportion of mutants that had unchanged restriction fragment patterns increased Exponentially growing cells were exposed to y-rays from 137Cs. The interval between the low adapting dose and the high challenge dose was 6 hr. Data from Rigaud et al. (19) . Table 9 . Distribution of types of HPRT mutants after y-ra accordingly. Thus, when the cells were preexposed to a low adapting dose, a change in the molecular spectrum of radiation-induced mutations was found. The preferential decrease in those premutational lesions that led to deletions is consistent with the interpretation of the early work that very low doses of radiation induce a chromosome break/repair mechanism. Consistent with this is the work carried out by Zhou and colleagues (20) on the induction of HPRTmutations as well as the repair of DNA double-strand breaks in DNA in a mouse mammary carcinoma cell line (SR-1). When cells were irradiated with 0.01 Gy of 7-rays and then challenged with 3 Gy 18 or 24 hr later, approximately half as many mutations were induced as when cells were irradiated with only 3 Gy of 7-rays. Furthermore, the rate of repair of DNA double-strand breaks-the lesions responsible for chromosomal breaks (21-23) increased in cells that had been preexposed.
The data on induced mutations illustrate two other known aspects of adaptation. That is, after the adapting dose it takes time for the induction to occur and once induced it disappears with time. The SR-1 data show that in this system the effect takes more than 6 hr to become operable; it then disappears if 48 hr elapse between the two doses, i.e., the effect lasts between 30 and 41 hr. As noted earlier, previous experiments on the induction of chromatid deletions in human lymphocytes showed that in those cells it took 4 to 6 hr for adaptation to become fully operable (8) and the effect was found to last for three cell cycles, about 40 hr.
In other mutational studies, Fritz-Niggli and Schaeppi-Buechi (24) (25) or 5 cGy of 7-rays (26) . Azzam et al. (27) also found this same end point to be reducked in a normal human fibroblast line (AG1522) exposed to chronic radiation (4.25 Gy at 0.003 Gy/min) before being challenged immediately with 4.25 Gy given in less than 2 min.
As might be expected from the results obtained in Drosophila, adaptation does not appear to be restricted to cultured cells; it also can occur when animals are irradiated in vivo. Thus, Cai and Liu (28) first showed that adult male Kunming mice preirradiated with 1 cGy of X rays had fewer chromatid deletions induced in their somatic cells (bone marrow) and germ cells (spermatocytes) by a challenge dose of 75 cGy given 2.5 to 3 hr later. When female C57B16 mice were used, adapting doses as low as 2 cGy were effective, although in this experiment no germ cells were scored.
Experiments with yet another strain of mice (white SHK) by Gaziev and co-workers (29) showed that chronic irradiation, as used in Azzam et al.'s experiments with human fibroblasts (27) , could also be effective in whole animals; i.e., the number of micronuclei induced in the bone marrow by 1 Gy of y-rays was reduced when the mice were chronically irradiated with doses ranging from 12 to 500 cGy.
In general, however, not all individuals or strains of animals are equally responsive to adapting doses. In humans, individual variability was found by Sankaranarayanan et al. (30) , who observed the adaptive response in 8 of 9 subjects tested, and by Bosi and Olivieri (31) (20) , it appears likely that the genetic constitution of the mouse strains can be a determining factor in their responsiveness.
The apparent genetic variability that determines whether or not a person or a strain of animal will react to a low dose of radiation is consistent with the hypothesis that genetically competent cells have a damage-inducible repair mechanism that can affect how the cell responds to a subsequent insult. Experiments have shown that in human lymphocytes (10), V79 cells (26) , and human Ul-Mel cells (12) , new proteins are induced after exposure to low doses of radiation, presumably by activation of genes.
The mechanisms proposed for the adaptive response have also been invoked to explain the fine structure now noted in dose-effect curves for survival of irradiated mammalian cells in culture (33) . When careful plating techniques are used to define the low-dose region of the survival curves, the cells exhibit extreme sensitivity to low doses that is not predicted by extrapolating the response from higher doses backward. As the radiation doses increase beyond about 0.3 Gy, radioresistance appears; this becomes maximal at doses of about 1 Gy. It is thought that it is this induced radioresistance that characterizes the usual ordinary cell survival curves. Experimental treatments that inhibit the adaptive response also inhibit the induction of this radioresistance, strengthening the relation to adaptation.
Cytogeneticists long have known that chromosome aberrations constitute an end point that could be related to the induction of cancer, although there was no rationale to connect them causally. The discovery of oncogenes and the exquisite control mechanisms by which translocations of oncogenes to promoter regions on other chromosomes could lead to activation, as in the case of Burkitt's lymphoma, or by which deletions of a suppressor locus could also lead to activation, as in the case of retinoblastoma, gave a direct mechanism through which chromosomal or cytogenetic damage could lead to cancer. Therefore, it is not unreasonable to think that an adaptive response that reduces cytogenetic damage might also reduce cancer. Because of the long latent period for cancer induction, however, it has not yet been determined whether adaptation does, indeed, lower cancer rates in human populations preexposed to low doses, and as the UNSCEAR report noted, it is not clear whether or not the adaptive response will have any utility for the development of radioprotection guidelines. As a result a worldwide effort is being carried out to see if low-dose preexposures can modify the amounts of cancer induced in irradiated animals or even increase the survival of those lethally irradiated. Preliminary experiments now indicate that both possibilities might occur.
In India, Bhattarcharjee (34) found that when he preirradiated Swiss mice for 5 days with 7-rays at the rate of 1 cGy/day, thymic lymphoma was induced in 16% (8/50) of the animals. A high 2-Gy dose induced lymphomas in 46% (23/50) of the mice, whereas if the animals were preirradiated before exposure to the 2-Gy dose, only 16% of them developed the cancers; i.e., the preirradiation seemed to cancel the induction of thymic lymphoma by the high dose (Table 10) .
In Japan, Yonezawa and co-workers (35) have carried out experiments in which they lethally irradiated 21-ICR mice with 8 Gy ofX rays. About 30% survived 30 days after the irradiation. When the animals were preirradiated with 5 cGy of X rays, the survival rate increased to about 70%.
Conclusion
Much remains to be learned about the adaptive response whereby exposure to very low doses of radiation results in less damage being induced by subsequent exposures to high radiation doses. Uncertainties still exist about many aspects of adaptation and its underlying mechanisms. What is certain, however, is that the phenomenon is real, and that a vigorous worldwide effort is now under way to understand the basic mechanisms involved. This effort is stimulated both by a desire to understand the basic cell biology behind the adaptive response and a desire to see if, indeed, this phenomenon affects the estimation of the risks of low-level radiation exposure. 
